The anamorphic yeast-like genus Pseudozyma belongs to the order Ustilaginales (Ustilaginomycetes, Ustilaginomycotina), with a close relationship to species of the teleomorphic genera Ustilago and Sporisorium, which are responsible for serious plant diseases. Pseudozyma encompasses a small group of basidiomycetous yeasts, of which 20 species have been described: Pseudozyma abaconensis, P. alboarmeniaca, P. antarctica, P. aphidis, P. churashimaensis, P. flocculosa, P. fusiformata, P. graminicola, P. crassa, P. hubeiensis, P. jejuensis, P. parantarctica, P. prolifica, P. pruni, P. rugulosa, P. shanxiensis, P. siamensis, P. thailandica, P. tsukubaensis and P. vetiver (Wang et al., 2006; Golubev, 2007; Seo et al., 2007; Liou et al., 2009; Statzell-Tallman et al., 2010; Boekhout, 2011; Konishi et al., 2011; Chamnanpa et al., 2013; Mekha et al., 2014) . Many of these have been isolated most frequently from plants, although they are not plant pathogens. P. parantarctica, P. thailandica, P. alboarmeniaca, P. crassa and P. siamensis (Sugita et al., 2003; Mekha et al., 2014) were isolated from blood samples, and P. abaconensis was isolated from coral reef waters (Statzell-Tallman et al., 2010) .
It is noteworthy that members of this genus are able to produce a range of biotechnologically relevant biomolecules such as the enzymes: cutinase (Seo et al., 2007) , lipase (Bussamara et al., 2010 (Bussamara et al., , 2012 and xylanase (Adsul et al., 2009; Borges et al., 2014) , and biosurfactants such as mannopyranosyl meso-erythritol (Morita et al., 2009 (Morita et al., , 2010 Konishi et al., 2011) . Furthermore, some species have been used as biocontrol agents, particularly targeting plant pathogens (Avis & Bélanger, 2002; Marchand et al., 2009) .
During a study of yeast-like organisms associated with the intestinal tract of insects found in the roots of sugarcane (Saccharum spp.) plantations located in Ribeirão Preto, São Paulo State, Brazil, a novel species of the genus Pseudozyma was identified. In particular, we were looking for yeasts that metabolize either xylose or its polysaccharides, e.g. (GHG001  T ) showed the ability to grow very well on these sugars as a single carbon source and produced high levels of an endoxylanase (PbXynA) (Borges et al., 2014) . Although a range of filamentous fungi and bacteria are able to produce xylanases, this feature is rare in yeasts. PbXynA is an endo-1,4-xylanase from the GH family 11 that shows higher specific activity than other eukaryotic xylanases studied previously (Borges et al., 2014) . Most of the xylanases reported so far produce xylo-oligosaccharides (XOS) along with xylose as end products (Adsul et al., 2009) . Particularly, PbXynA produces small (degree of polymerization around 3-7) XOS with negligible production of monomers as one of end products of xylan hydrolysis. It is worth noting that this property of this xylanase can enhance XOS production, since little raw material will be lost as xylose. XOS can be used as ingredients of functional food, selectively stimulating the growth of beneficial bacteria in the digestive system and also facilitating nutrient absorption. In addition, XOS have antioxidant and hypolipaemic activity (against cholesterol and triglycerides), can inhibit melanin and melanoma cell proliferation, have anti-inflammatory activity and function as anti-allergy agents (Moure et al., 2006) . Besides XOS production, xylanases are responsible for the degradation of the heteroxylans that constitute the lignocellulosic plant cell wall, and can be used for the enzymatic saccharification of plant biomass and second-generation bioethanol production. In addition, xylanases have a wide range of applications in industry, for example in the manufacture of paper, food, animal feed, pharmaceuticals and textiles (Polizeli et al., 2005) . Thus, this novel species of the genus Pseudozyma has high biotechnological potential and, on the basis of phenotypic and phylogenetic analysis, we propose the novel species Pseudozyma brasiliensis sp. nov.
Yeast isolation and identification
The yeast strain GHG001 T was isolated from the intestinal tract of a chrysomelid larva associated with sugarcane roots. Briefly, chrysomelids at the larval stage were collected from Saccharum spp. roots in sugarcane plantations located in Ribeirão Preto, São Paulo, Brazil. The larvae were anaesthetized at 4 u C for 10 min, sterilized externally with 70 % ethanol for 1 min and then rinsed twice with sterilized water. After dissection of larvae, the intestinal juices were transferred to a sterile flask containing 1 ml cold sterile water. A small volume of each gut sample (50 ml) was then inoculated into a 250 ml Erlenmeyer flask containing 50 ml minimal medium (MM) composed of 50 ml solution salts l 21 (l
21
: 6 g NaNO 3 , 1.5 g KH 2 PO 4 , 0.5 g KCl and 0.5 g MgSO 4 ) and 1 ml trace elements [l
: 10 g EDTA, 4. : 100 mg ampicillin, 34 mg kanamycin, 20 mg tetracycline and 35 mg chloramphenicol). The inoculum was incubated on a rotary shaker at 30 u C for enrichment of micro-organisms that could use xylose more efficiently. Two weekly transfers were performed by changing the inoculum to fresh medium and, after the second week, 100 ml of a tenfold dilution was spread on solid MM with 1 % (w/v) xylose and incubated at 30 u C until colonies appeared. Yeast colonies were repeatedly streaked out until pure cultures were obtained. The isolated strains were growth in YPD (1 % yeast extract, 2 % peptone, 2 % glucose, w/v) and stored at 280 u C (vials of cell suspensions in 1 ml YPD/10 % glycerol, v/v). Among the isolates, strain GHG001
T was selected because of its high capacity to grow on xylose (Borges et al., 2014) .
Morphological description and physiological tests were carried out by using standard methods (Kurtzman et al., 2011) . The presence of budding cells, hyphae and pseudohyphae was investigated by cultivation on potato dextrose agar (PDA), diluted V8 and YM agar at 20 and 25 u C for up to 21 days and MM containing 0.5 % ammonium sulphate at 30 u C for up to 5 days. Basidiospore formation was investigated on 5 % (w/v) malt extract agar, cornmeal agar, PDA and diluted V8 agar at 20 and 25 u C for up to 21 days.
DNA sequencing and phylogenetic analysis
Because of its biotechnological potential, we have sequenced the genome of this strain. Briefly, extraction of genomic DNA followed the protocol proposed by Sambrook & Russell (2001) and then whole-genome shotgun sequencing was carried out on an Illumina HiSeq2000 instrument at the University of Southern California Epigenome Center Data Production Facility (Los Angeles, CA, USA). The genome sequence was assembled into 45 scaffolds using Velvet and SSPACE BASIC. The full internal transcribed spacer (ITS) region (ITS1+ITS2, including the 5.8S rDNA) as well as the large subunit (LSU) rDNA D1/D2 region were extracted from the assembled genome sequence (Oliveira et al., 2013) . The sequence was compared using a MEGABLAST similarity search (Altschul et al., 1990) against the NCBI nucleotide database to identify the genus of the yeast. The genus assignment was confirmed using the ITS2 sequence as a query in a search of the ITS2 database (Koetschan et al., 2012) . Further sequence comparisons were carried out with sequences from members of the genus Pseudozyma reported by Chamnanpa et al. (2013) , Liou et al. (2009 ), StatzellTallman et al. (2010 , Seo et al. (2007) and Morita et al. (2011) . Sequences of each individual region, i.e. ITS1, 5.8S, ITS2 and D1/D2, were structurally aligned using MXSCARNA (Tabei et al., 2008) . Regions were concatenated into a supermatrix using FASConCAT (Kück & Meusemann, 2010) . Phylogenetic inference was carried out with the maximum-likelihood method implemented in the software RAxML (Stamatakis, 2006) . Each region was kept as an independent partition for the analysis. We used different models for stem and loop regions. For the loop regions, the evolutionary model GTR was used. The stem regions were analysed under the 7A evolutionary model, thus taking into account secondary structure topology, i.e. compensatory mutations (Higgs, 2000; Jow et al., 2002; Hudelot et al., 2003) . Substitution rate heterogeneity was taken into account using the gamma model of Yang (1996) . Bootstrap values were computed over 1000 replicates.
Genome-wide comparisons were carried out against the genome sequences of P. antarctica T-34 (GenBank accession no. GCA_000334475.1), P. hubeiensis SY62 (GCA_ 000403515.1), P. flocculosa PF-1 (GCA_000417875.1), P. aphidis DSM 70725 (GCA_000517465.1), Ustilago maydis 521 (GCF_000328475.1) and Malassezia globosa CBS 7966 (GCF_000181695.1). Clusters of orthologous genes, i.e. putative gene families, were identified using OrthoMCL with an inflation value of 2.5 (Li et al., 2003) .
Pseudozyma species are not known to be plant pathogens; as such, we decided to look for typical pathogenicity genes found in the closely related species U. maydis. is now called the mating-type locus, and different alleles of these genes are responsible for different mating types (Bakkeren & Kronstad, 1994; Urban et al., 1996; Casselton & Olesnicky, 1998; Casselton, 2002; Smith et al., 2004; Lefebvre et al., 2013) . We used as baits the protein sequences of the genes in U. maydis, and performed TBLASTN and BLASTP similarity searches to identify homologues. Pairwise alignments were then carried out with WATER, a program from the EMBOSS suite (Rice et al., 2000) , that implements the pairwise local alignment algorithm originally described by Smith & Waterman (1981) .
We have isolated a strain named GHG001 T from the intestinal tract of a member of the Chrysomelidae that can grow on xylose and xylan as sole carbon sources and produces high levels of xylanase when grown on xylan. Initial identification based on the ITS2 region revealed that this strain belongs to the genus Pseudozyma, and a more detailed study based on morphological and molecular typing (D1/D2 LSU+ITS) showed that this strain represents a novel species in the genus Pseudozyma.
A sequence similarity search using MEGABLAST against the GenBank database and the ITS2 region as query revealed that GHG001
T belongs to the genus Pseudozyma. Accurate identification at the species level was carried out with the complete ITS regions, the 5.8S rDNA and the D1/D2 LSU region, which were extracted from the genome sequence. The maximum-likelihood phylogenetic tree showed that strain GHG001
T forms a clade with P. vetiver DMKU-LV99 T and P. fusiformata JCM 3931 T (Fig. 1) . The main differences between these species are found in the ITS region (ITS1+ITS2). GHG001
T has 19 substitutions (and 6 indels) compared with P. vetiver DMKU-LV99 T and 40 substitutions (32 indels) compared with P. fusiformata JCM 3931
T . In the D1/D2 LSU region, there are three base substitutions, and one indel, between strain GHG001 T and P. vetiver DMKU-LV99 T and 14 substitutions, plus 2 indels, when compared with P. fusiformata JCM 3931 T (the phylogenetic tree and multiple sequence alignment are available in TreeBase under accession number TB2:S14822). The number of substitutions found is suggestive of a novel species in the genus, as strains differing by two or more nucleotides in the D1/D2 LSU region could represent different taxa (Fell et al., 2000) .
Physiological characteristics of P. brasiliensis sp. nov. and all other species of Pseudozyma are presented in Table 1 . In terms of physiological characteristics, strain GHG001 T differed from P. vetiver, its closest relative, by its ability to assimilate inulin, D-galactose, L-arabinose, D-ribose, ethanol, glycerol, erythritol, ribitol and D-gluconic acid. In addition, P. brasiliensis sp. nov. was unable to assimilate soluble starch or lactic or citric acids. No mating reaction or sexual structure was observed when the single isolate of P. brasiliensis sp. nov. was grown on 5 % malt extract agar, cornmeal agar, PDA or diluted V8 agar at 20 and 25 u C for up to 21 days. Notably, although pseudohypha formation is a characteristic of the genus Pseudozyma grown on 5 % malt extract agar or Dalmau plate (Boekhout, 2011) , we only observed formation of pseudohyphae by P. brasiliensis sp. nov. in minimal medium containing 0.5 % ammonium sulphate (Fig. 2) . We also looked for the mating type locus and related genes in the genome of P. brasiliensis sp. nov., and other species of the genus Pseudozyma for which a genome sequence is available using as reference the genes found in U. maydis (Table 2 ; Lefebvre et al., 2013) . Both a and b loci, responsible for mating-type, are present in P. brasiliensis sp. nov., as well as in all the other species of Pseudozyma, indicating that P. brasiliensis sp. nov. is a homothallic yeast, as are all the other species of Pseudozyma included in this analysis ( Table 2) . The pheromone receptor genes mf, prf and rba1 are found in the a locus, which, in P. brasiliensis sp. nov., is located in scaffold PSEUBRA_SCAF4. The mfa gene is not annotated in the current release of the genome sequence of P. brasiliensis sp. nov., but the TBLASTN search clearly revealed that it is encoded by the genome; the same is true for P. hubeiensis and P. antarctica, and their absence from the annotation is probably related to the small size of this gene, which will be overlooked by most ab initio gene prediction software. On the other hand, the genes bW and bE, locus b, which are homeodomain transcription factors, are located on scaffold PSEUBRA_SCAF3. There is also an smu1 homologue in P. brasiliensis sp. nov., located on scaffold PSEUBRA_SCAF14. Smu1 is a protein kinase required for pathogenicity and mating (Smith et al., 2004) . The product of the prf gene regulates the transcription of the genes encoded by loci a and b (Hartmann et al., 1999) and, in P. brasiliensis sp. nov., is located on scaffold PSEUBRA_ SCAF5. Thus, P. brasiliensis sp. nov. appears to have a full complement of the most important genes related to mating; furthermore, these genes are present in all Pseudozyma species sequenced to date. It still remains to be proved whether these genomic loci are functional, i.e. transcribed and translated into active proteins. Recent results showed that there was no mating interaction between P. flocculosa and U. maydis (Lefebvre et al., 2013) .
Just a few members in the genus Pseudozyma have had their genomes fully sequenced so far. These are P. antarctica T-34 (Morita et al., 2013) , P. aphidis DSM 70725 (Lorenz et al., 2014) , P. hubeiensis SY62 (Konishi et al., 2013) , P. flocculosa PF-1 (Lefebvre et al., 2013) and P. brasiliensis
GHG001
T (Oliveira et al., 2013) . All species of Pseudozyma have genomes of a similar size, around 18 Mbp, as estimated by the total scaffold length. P. flocculosa has (Xu et al., 2007) , uncovering 6608 putative protein-encoding gene families. Fig. 3 shows the number of protein-encoding gene families among the different species. The species of the genus Pseudozyma share 62.6 % of the families (Fig. 3a) ; this drops to 45.1 % when including the pathogenic species U. maydis and M. globosa (Fig. 3b) . It is important to note that there are lineage-specific gene families, and these might be involved directly in the maintenance of the particular lifestyles of these groups or species.
The molecular and physiological differences found strongly support the conclusion that strain GHG001 T represents a novel species in the genus Pseudozyma. The novel species was isolated from the intestinal tract of a chrysomelid larvae associated with sugarcane roots. However, only one isolate was obtained in the present study. P. brasiliensis sp. nov. is probably a minor component of the yeast Fig. 3 . Venn diagrams showing number of shared groups of orthologues, i.e. putative gene families, between P. brasiliensis sp. nov. and related species showing only the sequenced Pseudozyma species (a) and P. brasiliensis and the most closely related Pseudozyma species (from Fig. 1 ), in addition to U. maydis and M. globosa (b). Groups of orthologous genes were identified by OrthoMCL using an inflation value of 2.5.
communities associated with insects living in sugarcane roots. We describe this novel species based on only a single strain because of its ability to produce high levels of an endoxylanase, a biotechnological trait of industrial interest for production of functional foods and biofuels through degradation of the heteroxylans of plant hydrolysates.
Based on the phenotypic and phylogenetic analyses, strain GHG001
T represents a novel species of the genus Pseudozyma, for which we propose the name Pseudozyma brasiliensis sp. nov. Finally, we present an updated key for the identification of species in the genus Pseudozyma in the online Supplementary Material. Pseudozyma brasiliensis (bra.si.li.en9sis. N.L. fem. adj. brasiliensis of or pertaining to Brazil, where the type strain was found).
On YM agar after 3 days at 25 u C, cells are ellipsoidal to fusoid and variable in size (1.5-462-6 mm), and contain what appear to be oil droplets (Fig. 4a, b) . Budding is polar on a short denticle. On YM agar after 3 days at 25 u C, colonies are smooth to wrinkled, butyrous, glistening, cream to light salmon in colour with an entire margin. Pseudohyphae are formed when grown on MM containing 0.5 % ammonium sulphate. After 3 weeks in Dalmau plate culture on cornmeal agar, pseudomycelium and true mycelium are not formed. Sexual reproduction is not observed. Ballistoconidia are not produced. Fermentation is absent. Assimilates the following carbon sources: Dglucose, sucrose, raffinose, galactose, trehalose, maltose, melezitose, cellobiose, salicin, L-sorbose, D-xylose, Larabinose, D-ribose, ethanol, glycerol, inulin, erythritol, ribitol, D-mannitol T showing possible oil droplets inside after 7 days at 25 6C grown on PDA (a) and showing polar budding on short denticles, grown on cornmeal agar for 21 days at 25 6C (b). Bars, 10 mm.
